Sodium butyrate (NaB) has been proposed as a potential anticancer agent. However, its mechanism of action is not totally elucidated. Here, we showed that NaB-induced cell cycle arrest and apoptosis were associated with an increase of P21 waf1/cip1 in MCF-7 breast cancer cells. This increase was more important in the nuclei, as revealed by immunofluorescence analysis. Transient transfections of MCF-7 cells with p21 deficient for interaction with CDK, but not with p21 deficient for interaction with PCNA (p21PCNAÀ), abrogated NaB-induced cell cycle arrest. This indicated that cell cycle blockage involved the interaction of P21 waf1/cip1 with CDK. However, P21
Introduction
Breast cancer is the first cancer in the European community, representing about 24% of all cancer cases. This pathology is currently controlled through surgery and/or radiotherapy, and is frequently supported by adjuvant chemo-or hormonotherapies. Unfortunately, these classical treatments are hampered by unwanted side effects and, mostly importantly, the development of tumor resistance. Therefore, there is an urgent need for novel and effective therapies against breast cancer. In this perspective, butyrate is proposed as a potential anticancer agent.
Butyrate is a short-chain fatty acid produced during fermentation of fiber by endogenous intestinal bacteria.
It is also present in fruits, vegetables, and fat milk. The sodium salt of this fatty acid, sodium butyrate (NaB), has been reported to induce differentiation and reversible cell cycle arrest of both normal and tumor cells (Velazquez et al., 1996; Schwartz et al., 1998; Wang et al., 1999; Demary et al., 2001; Terao et al., 2001 ). More recently, NaB has been shown to induce apoptosis in a variety of tumor cells including colonic carcinoma, retinoblastoma, breast, hepatic, and hematopoietic malignant cells. In addition, Phase I pharmacokinetic studies and treatment of leukemia, hemoglobinopathies and solid tumors with NaB, or analogues, which have better pharmacodynamic properties, have shown no severe toxicity (Gilbert et al., 2001; Patnaik et al., 2002) . Although the mechanisms by which NaB mediates its effects are not well understood, it has been described that NaB decreases the expression of cyclin D1 in epidermoid carcinoma cells (Lallemand et al., 1996) , and increases the expression of IGFBP-3 in breast cancer cells (Walker et al., 2001; Tsubaki et al., 2002) . NaB also regulates the expression of members of the Bcl-2 family in leukemia and colon cancer cells (Mandal et al., 1997; Sawa et al., 2001) .
In molecular terms, NaB is an inhibitor of histone deacetylase (HDAC), leading to hyperacetylation of chromatin components such as histone and nonhistone proteins, and alterations in gene expression. The effects of HDAC inhibitors on gene expression are highly selective, leading to transcriptional activation of certain genes such as P21 waf1/cip1 , but repression of others (Richon et al., 2000; Sowa and Sakai, 2000) . Indeed, NaB activates the transcription of p21 waf1/cip1 gene through Sp1 sites of the p21 waf1/cip1 promoter (Nakano et al., 1997; Sowa et al., 1999) . In a variety of cancer cells such as osteosarcoma, colon carcinoma, glioma, and lung cancer cells, NaB dramatically increases P21 waf1/cip1 expression (Ito et al., 2001; Pellizzaro et al., 2001) . P21 waf1/cip1 has been shown to play an essential role in G1 and G2 arrests (Bunz et al., 1998; Brugarolas et al., 1999) by inhibiting cyclinE-CDK2 and cyclinBcdc2 activities, respectively. P21 waf1/cip1 is also able to associate with the proliferating cell nuclear antigen (PCNA). PCNA is implicated in DNA replication and repair by forming a sliding platform that can mediate the interaction of numerous proteins with DNA (Warbrick, 2000) . P21 waf1/cip1 binding to PCNA is shown to suppress PCNA-dependent replication, but the ability of p21 waf1/cip1 to suppress PCNA-dependent repair is controversial (Shivji et al., 1994; Cooper et al., 1999; Mattock et al., 2001) . P21 waf1/cip1 may bind to both active cyclin/CDK and PCNA simultaneously, suggesting that protein interaction with PCNA may be a mechanism to coordinate DNA replication and repair. Other proteins such as Gadd45 and p33
ING1b
, involved in the regulation of cell cycle and apoptosis, are also reported to bind to PCNA (Hall et al., 1995; Scott et al., 2001) .
In addition to being an inhibitor of cell cycle progression, P21
waf1/cip1 acts also as a modulator of apoptosis. However, the exact implication of P21 waf1/cip1 in apoptosis remains controversial. It has been reported that downregulation of P21 waf1/cip1 in hepatocellular carcinoma cells renders them more sensitive to interferon-gamma-induced apoptosis (Detjen et al., 2003) ; suppression of P21 waf1/cip1 by transfection of p21 antisense or homologous recombination increases the apoptosis induced by cytotoxic drugs or gamma irradiation in glioma and colon carcinoma cell lines (Tian et al., 2000; Mahyar-Roemer and Roemer, 2001; Han et al., 2002) . Moreover, P21 waf1/cip1 is complexed with procaspase 3 to suppress Fas-mediated apoptosis (Suzuki et al., 2000) . In apoptotic cells, P21 waf1/cip1 is found to be cleaved by caspase 3 (Zhang et al., 1999; Xiang et al., 2002) . All these results indicate that P21 waf1/ cip1 protect cells from apoptosis. In other situations, P21
waf1/cip1 can induce apoptosis. Infection of cervical cancer cells with the sense p21 adenovirus inhibits cell growth by inducing apoptosis (Tsao et al., 1999) . Overexpression of P21 waf1/cip1 has been shown to enhance the induction of apoptosis by cisplatin in glioma, ovarian carcinoma and hepatoma cell lines (Qin and Ng, 2001) . Ectopic expression of P21 waf1/cip1 in p21À/À hepatocytes restored the apoptotic response to deoxycholic acid (Qiao et al., 2002) . Overexpression of P21 waf1/ cip1 in mammary tumor cells using a retroviral delivery system results in an increased apoptosis (Shibata et al., 2001) .
More recently, it has been shown that P21 waf1/cip1 can act as a direct modulator of transcription. P21 waf1/cip1 associates with transcription factors such as E2F or cMyc to suppress cell cycle progression (Delavaine and La Thangue, 1999; Gartel and Shchors, 2003) . P21 waf1/cip1 can also form a complex with transcription coactivators, including p300 and CBP, to enhance their function. CBP and P300 are histone acetyltransferases which activate certain transcription factors such as AP-1, E2F or NFkB subunit (Perkins et al., 1997; Snowden et al., 2000; Gregory et al., 2002) .
Since P21 waf1/cip1 plays an important role in the regulation of cell cycle and apoptosis, and NaB induces the expression of p21 waf1/cip1 in many cancer cell lines, we examined the implication of P21 waf1/cip1 in NaB-induced cell cycle arrest and apoptosis in breast cancer cells. We transiently transfected cells with a pcDNA plasmid containing different sequences of p21 : p21 wild type (p21WT), p21 antisense (p21AS), p21 deficient for interaction with PCNA (p21PCNAÀ) or with CDK (p21CDKÀ). We demonstrated that P21 waf1/cip1 was implicated in NaB-induced cell cycle arrest and apoptosis; moreover, P21 waf1/cip1 was indispensable for apoptosis induction, but not for cell cycle arrest.
Results

NaB-induced G1 arrest and apoptosis in MCF-7 cells
The effects of NaB in cell cycle progression and apoptosis induction were determined after 24 or 48 h of treatment. As shown in Figure 1a , after 24 h of treatment, NaB increased the percentage of cells in the G2/M phase, and decreased that of cells in the S phase. After 48 h of treatment, the majority of cells were blocked in the G1 phase. In addition, after 24 h of treatment (Figure 1b ), 1 mm NaB did not induce apoptosis. After 48 h of treatment, 1 mm NaB slightly induced apoptosis, whereas 2.5 mm NaB induced eightfold of apoptosis compared to untreated cells. Since 2.5 mm NaB efficiently induced cell cycle arrest and 
P21
WAF1/CIP1 is implicated in NaB-induced apoptosis V Chopin et al apoptosis, this concentration was used for the following study.
NaB increased nuclear P21 waf1/cip1 levels in MCF-7 cells
It has been reported that NaB-induced cell cycle arrest and apoptosis are associated with an increase of P21 waf1/cip1 levels in a number of cancer cells. However, the role of P21 waf1/cip1 in the control of these processes is controversial. Therefore, we first performed immunoblots to determine the levels of P21 waf1/cip1 in MCF-7 breast cancer cells treated with NaB. Figure 2a showed that NaB increased P21
waf1/cip1 as early as 12 h. Moreover, immunofluorescence analysis (Figure 2b) showed that when MCF-7 cells were treated with 2.5 mm NaB for 24 h, the staining of P21 waf1/cip1 was increased. This increase was particularly important in the nuclei, since the FITC staining of P21 waf1/cip1 was overlapped by Hoechst staining.
Validation of mutant p21 plasmids
To further investigate the implication of P21 waf1/cip1 in cell cycle arrest and apoptosis, we used different constructs of p21 : p21 wild type (p21WT), p21 antisense (p21AS) or p21 deficient for the interaction with PCNA (p21PCNAÀ) or with CDK (p21CDKÀ).
First, to verify the functional properties of the plasmids p21AS and p21WT, MCF-7 cells were transiently transfected with pcDNA plasmids containing p21AS or p21WT. Immunoblotting showed that transfection with p21AS totally abolished the expression of P21 waf1/cip1 protein in MCF-7 cells treated with or without NaB, whereas transfection with p21WT slightly increased P21 levels compared to empty vector-transfected cells (Figure 3a) .
To verify the association of P21 waf1/cip1 with PCNA or CDK, MCF-7 cells were transiently cotransfected with a pcDNA plasmid containing p21PCNAÀ or p21CDKÀ, and a pcDNA plasmid containing murin CD80 sequence. The transfected cells were selected and lysed. Immunoprecipitation of P21 waf1/cip1 was performed and followed by immunoblotting with anti-PCNA and anti- . Cells were treated without (left panel) or with (right panel) 2.5 mm NaB for 24 h. Hoechst staining and immunofluorescence analysis were performed as described in Materials and methods waf1/cip1 in transfected MCF-7 cells. Cells were transiently transfected with p21 wild type (p21WT) or p21 antisense (p21AS), and treated with or without 2.5 mm NaB for 24 h. Then, proteins were electrophoresed and analysed by Western blot using anti-P21 waf1/cip1 antibody. Loading and transfer of equal amounts of protein were confirmed by immunodetection of actin. (b) Immunoprecipitation analysis of P21 waf1/cip1 association with CDK2 or PCNA. Cells were transiently transfected with pcDNA plasmids containing p21 deficient for the interaction with PCNA (p21PCNAÀ) or with CDK (p21CDKÀ), and a pcDNA plasmid containing murin CD80. Cells were treated with or without 2.5 mm NaB for 24 h. Transfected cells were selected using anti-murin CD80 antibody, as described in Materials and methods. Then, cells were lysed, and proteins were immunoprecipitated with anti-P21 waf1/cip1 antibody. Immunoprecipitates were analysed by Western blot, using anti-CDK2, anti-PCNA or anti-P21 waf1/cip1 antibodies P21 WAF1/CIP1 is implicated in NaB-induced apoptosis V Chopin et al CDK2 antibodies (Figure 3b ). In cells transfected with empty vector, native P21 waf1/cip1 was able to interact with both PCNA and CDK2. In cells transfected with p21PCNAÀ, much less PCNA was associated with P21 waf1/cip1 , whereas levels of CDK2 associated with P21 waf1/cip1 were not modified compared to empty vectortransfected cells. On the contrary, in cells transfected with p21CDKÀ, levels of P21 waf1/cip1 -associated CDK2 were dramatically decreased, while levels of P21 waf1/cip1 -associated PCNA were not modified. The low levels of CDK2 in p21CDK-transfected cells and that of PCNA in p21PCNA-transfected cells were probably due to the presence of native P21 waf1/cip1 . Overall, our results confirmed the functional properties of these different p21 constructs. p21WT slightly increased the levels of P21 waf1/cip1 , while p21AS abrogated the expression of native p21 waf1/cip1 ; P21PCNAÀ and P21CDKÀ seemed not able to interact with PCNA and with CDK2, respectively.
Interaction of P21
waf1/cip1 with CDK was responsible for NaB-induced cell cycle arrest
To investigate the role of P21 waf1/cip1 in NaB-induced cell cycle arrest in MCF-7 cells, we transiently cotransfected cells with a pcDNA plasmid containing p21WT or p21AS, p21PCNAÀ, p21CDKÀ, and a pcDNA plasmid containing the murin CD80 sequence. The transfected cells were selected using antimurin CD80 antibody conjugated with FITC, and analysed by flow cytometry (Figure 4) .
In empty vector-transfected cells, 24 h of NaB treatment decreased the percentage of cells in S phase and accumulated cells in G2/M phases. This result was in accordance with our data obtained in nontransfected cells (Figure 1a) . Transfection of cells with p21CDKÀ abrogated NaB-induced G2/M arrest compared to untreated cells, suggesting that NaB-induced cell cycle arrest involved the interaction between P21 waf1/cip1 and CDK. However, when cells were transfected with p21WT or p21PCNAÀ, NaB-induced cell cycle arrest was not modified. These later results suggested that native P21 waf1/cip1 was sufficient to inhibit cell cycle in NaB-treated cells, and that this cell cycle arrest did not implicate the interaction between P21 waf1/cip1 and PCNA. Interestingly, when MCF-7 cells were transiently transfected with p21AS, NaB always induced G2/M arrest. It is thus possible that other CDK inhibitors such as P16 ink4 and P27 kip1 could inhibit cell cycle progression in the absence of P21 waf1/cip1
. To verify this hypothesis, we evaluated the levels of P16 ink4 and P27 kip1 in MCF-7 cells by Western blot analysis in nontransfected cells. Figure 5 showed that NaB treatment increased both P16 ink4 and P27 kip1 levels.
NaB-induced apoptosis required the presence of P21 waf1/cip1
, and its interaction with PCNA
To investigate the implication of P21 waf1/cip1 in the induction of apoptosis in MCF-7 cells, we transiently cotransfected cells with a pcDNA plasmid containing p21WT or p21AS, p21PCNAÀ, p21CDKÀ, and a pEGFP-Cl plasmid ( Figure 6 ). When cells were transfected with p21WT or p21CDKÀ, the induction of apoptosis by NaB was not modified compared to empty vector-transfected cells. On the contrary, when cells were transfected with p21AS or p21PCNAÀ, NaBinduced apoptosis was abrogated. These results suggested that the induction of apoptosis by NaB was under the control of P21 waf1/cip1 , and implicated the interaction between PCNA and P21 waf1/cip1 . To further investigate the interaction between P21 waf1/ cip1 and PCNA in NaB-induced apoptosis, we performed Western blots of PCNA in MCF-7 cells. In total extracts, NaB decreased the levels of PCNA (Figure 7a) . PCNA is mainly known as an auxiliary factor for DNA polymerase that is essential for both DNA replication and repair. During DNA replication and repair, nuclear PCNA is tightly associated with chromatins, and cannot be extracted with nonionic detergents such as Triton X-100 (triton-insoluble form). In other situations, nuclear PCNA is present in a tritonsoluble form (Bravo and Macdonald-Bravo, 1987; Toschi and Bravo, 1988; Morris and Mathews, 1989; Pagano et al., 1994) . We then investigated whether NaB could modify the soluble properties of PCNA. We showed that, in untreated MCF-7 cells, PCNA levels were higher in soluble fraction than in insoluble fraction (Figure 7a ). NaB decreased both triton-soluble andinsoluble forms of PCNA, and rendered the levels of insoluble PCNA undetectable after 48 h of treatment. However, immunoprecipitation analysis showed that NaB increased the levels of PCNA associated with P21 waf1/cip1 (Figure 7b ). Taken together, all these results indicated that though NaB decreased PCNA levels, it favored the association of PCNA with P21 waf1/cip1 .
Pretreatment with NaB or roscovitine did not modify NaB-induced apoptosis NaB-induced apoptosis may result or not from cell cycle blockage. To test these two possibilities, we pretreated MCF-7 cells with roscovitine, which potently inhibits p34 CDK1 /cyclin B kinase (3 mm, 48 h) and NaB (1 mm, 72 h). Flow cytometry analysis showed that roscovitine accumulated cells in G1 and G2/M phases (data not shown), and that NaB increased the percentage of cells in G1 phase (Figure 1a) . However, NaB-induced apoptosis was not modified by cell cycle blockage (Figure 8) , indicating that the induction of apoptosis by NaB was independent of cell cycle distribution.
Discussion
In this study, we have demonstrated that NaB inhibited the growth of MCF-7 breast cancer cells. The inhibition was due to cell cycle arrest in the G1 phase, and induction of apoptosis. Moreover, NaB is a potent growth inhibitor not only for MCF-7 cells but also for hormono-dependent MCF-7ras and T47-D cells, and hormono-independent BT-20 cells (data not shown). Therefore, butyrate could affect breast cancer development both in the early (estrogen responsive) and advanced (estrogen resistant) stages.
NaB is a member of the HDAC inhibitor family that appears to be selective in regulating gene expression. HDAC inhibitors such as NaB and trichostatin A increase the expression of the cyclin-dependent kinase inhibitor p21 waf1/cip1 , which may play a critical role in the regulation of cell cycle arrest and apoptosis (Sambucetti et al., 1999; Richon et al., 2000; Sowa and Sakai, 2000) . In agreement with these data, we showed that NaBinduced growth inhibition was associated with an increase in the nuclear level of P21 waf1/cip1 in MCF-7 cells. Moreover, P21 waf1/cip1 was differently implicated in NaB-induced G1 arrest and apoptosis. WAF1/CIP1 is implicated in NaB-induced apoptosis V Chopin et al It has been broadly described that N-terminal portion of P21 waf1/cip1 interacts with cyclin/CDK complex, leading to G1 or G2 arrest. In accordance with this, we showed that NaB-induced cell cycle arrest was abrogated in MCF-7 cells transfected with p21 deficient for the interaction with CDK. However, the C-terminal domain of P21 waf1/cip1 can also associate with PCNA and inhibit DNA replication (Rousseau et al., 1999) . Here, we demonstrated that NaB-induced cell cycle arrest did not implicate the interaction of P21 waf1/cip1 with PCNA, since NaB blocked the cell cycle in MCF-7 cells transfected with p21 deficient for interaction with PCNA. These results suggested that binding of P21 waf1/cip1 to the cyclin-CDK complex was the principal mechanism of NaB-induced proliferation inhibition. However, in the absence of P21 waf1/cip1 (when cells were transfected with p21 antisense), NaB still blocked cell cycle progression. This suggested that P21 waf1/cip1 was dispensable in cell cycle arrest induced by NaB. In agreement with our results, Vaziri et al. (1998) have shown that NaB induces G1 arrest in mice p21À/À fibroblasts. Moreover, Derjuga et al. (2001) showed that P21 waf1/cip1 only binds to and inhibits a subpopulation of CDK2/cyclin E in Hela cells treated with NaB. The subpopulation of CDK2/cyclin E that is not bound to P21 waf1/cip1 remains inactive, suggesting that NaB may affect other CDK inhibitors. Indeed, we showed that P27 kip1 and P16 ink4 were increased following NaB treatment in MCF-7 cells. Similar results have been reported in nonsmall lung cancer cells and normal mammary epithelial cells (Pellizzaro et al., 2001; Tsubaki et al., 2001) . Besides CDK inhibitors, NaB has been reported to inhibit cell cycle progression via Tob-1, which interferes with CDK activity causing pRb hypophosphorylation (Della Ragione et al., 2001) . Therefore, our results, together with the previously reported data, indicate that NaB-induced cell cycle arrest involves several molecules, depending upon cellular context.
It is believed that prolonged cell cycle arrest may conduct cells to apoptosis. We showed that NaB-induced apoptosis in MCF-7 cells was independent of the G1-phase blockage, suggesting that the underlying mechanisms of cell cycle blockage and induction of apoptosis occurred through different pathways. These results were in agreement with Galfi et al. (2002) , who demonstrate that there is no correlation between proliferation inhibition and apoptosis induction by HDAC inhibitors TSA and NaB in gastrointestinal cell lines.
We showed that P21 waf1/cip1 was indispensable for NaB-induced apoptosis in MCF-7 cells, since transient transfection of p21 waf1/cip1 antisense abolished the induction of apoptosis by NaB. The role of p21 waf1/cip1 in apoptosis is still controversial. Although P21 waf1/cip1 has been mainly reported to inhibit apoptosis, a number of other reports suggest that P21 waf1/cip1 also possesses proapototic functions. These survival and proapoptotic functions may rely on different intracellular localizations of P21 waf1/cip1
. The survival effect of P21 waf1/cip1 has been reported to be linked to cytoplasmic localization (Asada et al., 1999; Coqueret, 2003) , whereas the apoptotic effect of P21 waf1/cip1 would occur when P21 waf1/cip1 is present in the nucleus (Ritt et al., 2000; Peschiaroli et al., 2002) . In accordance with these reports, we showed that NaB-induced apoptosis was associated with an increase of P21 waf1/cip1 , particularly in the nucleus.
More interestingly, we showed that the proapototic effect of P21 waf1/cip1 required the interaction of P21 waf1/cip1
with PCNA, since transient transfection of p21 deficient for interaction with PCNA abrogated NaB-induced apoptosis. In addition, NaB decreased the levels of total PCNA, as well as the levels of PCNA linked to or not to DNA. However, the levels of PCNA interacting with P21 waf1/cip1 were increased, as revealed by immunoprecipitation. Taken together, all these results suggested that interaction of P21 waf1/cip1 with PCNA was implicated in NaB-induced apoptosis. Although the role of P21 waf1/cip1 in PCNA-dependent DNA repair remains to be elucidated, it can be hypothesized that p21 waf1/cip1 may promote NaB-induced apoptosis by directly regulating the DNA repair machinery. PCNA has no endogenous enzymatic activity, but it forms a sliding platform that can mediate interaction with several proteins implicated in DNA replication and reparation, as well as G1/S transition. The fact that P21 waf1/cip1 and PCNA interact with a number of proteins suggests that P21 waf1/cip1 and PCNA could enter into competition for a common target. For example, Gadd45, a nuclear protein implicated in DNA reparation and growth arrest, has been reported to induce apoptosis by binding and activating MEKK4 (Harkin et al., 1999 ; Mita et al., , expression of Gadd45 may be activated in a p53-dependent orindependent manner (Zhan et al., 1998; Takahashi et al., 2001) , and is increased by HDAC inhibitors such as TSA and NaB (Chen et al., 2002) . Gadd45 is found to interact with PCNA through a region distinct from that recognized by P21 waf1/cip1 (Hall et al., 1995) . However, Gadd45 and P21 waf1/cip1 compete for PCNA binding (Chen et al., 1995) . The sequestration of PCNA by P21 waf1/cip1
, as well as the decreased of PCNA levels, may contribute to reduce the interaction between PCNA and Gadd45, leading to an increase of free Gadd45 and induction of apoptosis. Another similar example is p33
ING1b
. This protein exerts diverse biological effects through targeting and regulating local acetylation and/ or deacetylation activities, as well as binding to DNA repair complexes via PCNA (Feng et al., 2002) . p33 . These data suggest that the interaction of PCNA-P21 waf1/cip1 may increase free p33 ING1b , leading to the expression of proapoptotic genes. Nevertheless, it has been reported that interaction of p33
ING1b with PCNA may trigger apoptosis after UV-inducing damage. All these data demonstrate that PCNA may act as a proapoptotic factor via its interaction with other growth-regulatory proteins such as P21 waf1/cip1 , Gadd45, and p33
ING1b . However, the exact implication (direct or indirect) of PCNA remains to be clarified.
Overall, our results demonstrated that NaB inhibited breast cancer cell growth in a P21 waf1/cip1 -dependent manner. P21 waf1/cip1 was dispensable for cell cycle arrest, but indispensable for apoptosis induction. Moreover, NaB-induced apoptosis required the interaction of P21 waf1/cip1 with PCNA. On the other hand, it has been reported that 20-60% of breast tumours contain p53 mutations, but they rarely contain p21 waf1/cip1 mutations. Previously, we showed that NaB inhibits the growth of breast cancer cells independently of P53 (Chopin et al., 2002) . Therefore, utilization of NaB may open interesting prospects in the fight against human breast cancer.
Materials and methods
Cell culture
Breast cancer cell lines MCF-7, T47-D, and BT-20 were obtained from the American Type Cell Culture Collection. MCF-7ras cell line, established by transfecting v-Ha-Ras cDNA in MCF-7 cells, was a gift from Professor M Cre´pin (Laboratoire de Recherche Oncologie Cellulaire et Mole´culaire Humaine, Universite´de Paris Nord, France). Cells were grown in EMEM medium supplemented with 5% fetal calf serum (FCS), 5 UI/ml insulin, 100 UI/ml streptomycin, 100 mg/ml penicillin, and 45 mg/ml gentamicin.
Reagent and antibodies
All cell culture reagents were obtained from BioWhittaker (France), except insulin which was obtained from Organon (France). NaB, Hoechst 33258, trypan blue, and electrophoresis reagents were from Sigma.
Mouse monoclonal anti-P21
waf1/cip1 (EA10), anti-PCNA (PC10), antiactin, and rabbit polyclonal anti-CDK2 (PC44) antibodies were from Oncogene Research Products. Goat polyclonal anti-P27 (C-19) and rabbit polyclonal anti-P16 (N-20) were from Santa Cruz Biotechnology. Secondary antibodies were from Chemicon International Inc. Anti-murin CD80 FITC, anti-hamster IgG FITC antibodies for flow cytometry or anti-murin CD80 for cell selection were purchased by BD Pharmigen. FITC-conjugated secondary anti-mouse IgG antibody for immunofluorescence microscopy was from Santa Cruz Biotechnology. ECL reagents were obtained from Amersham Life Science. Protein A/G PLUSagarose were from Santa Cruz Biotechnology. CELLection Pan Mouse IgG Dynabeads and Dynal Magnetic particle concentrator were purchased from Dynal.
The plasmids containing different p21 constructs were generous gifts from Professor Bernard Ducommun (UniversiteṔ aul Sabatier, Toulouse, France) and Professor David Smith (Mayo Fundation, USA). The plasmid containing murin CD80 sequence was a generous gift from Dr Rodolphe Vereecque (IRCL, Lille, France).
Cell cycle analysis
MCF-7 cells were treated with 2.5 mm butyrate for 48 h. Cells (1 Â 10 6 ) were trypsinized and fixed in ethanol (70%, 30 min, À201C). Fixed cells were washed with PBS and incubated with propidium iodide (20 mg/ml, 45 min, 201C). The cell suspension was then filtered and analysed using a Coulter Epics XL/XLMCl cytometer.
To investigate the role of P21 waf1/cip1 in NaB-induced cell cycle arrest, MCF-7 cells were transiently cotransfected with a pcDNA plasmid containing murin CD80 cDNA, and a pcDNA plasmid containing p21 wild type (p21WT), p21 antisense (p21AS) or p21 deficient for the interaction with PCNA (p21PCNAÀ), or with CDK (p21CDKÀ) sequences. Briefly, 1 Â 10 6 cells were seeded into 100 mm dishes. The following day, cells were transfected with 6.2 mg CD80-plasmid, 2.1 mg plasmid of interest, and 409 ml transfection reagent exgen (Euromedex) in 7.3 ml Opti-MEM (Life Technologies Inc.). After transfection, cells were cultured further for 18 h in FCS-containing medium before treatment, and then treated with 2.5 mm NaB for 24 h. Cells (1 Â 10 6 ) were dissociated with 1 mm EDTA in PBS, washed twice in the same buffer, and then incubated with 0.5% FCS in PBS (15 min, 41C). Cells were incubated with anti-murin CD80 FITC antibody, or with anti-hamster IgG FITC antibody as isotypic control (1 mg of antibody in PBS containing 0.5% FCS, 30 min, 41C in the dark). Cells were washed twice with 0.5% FCS in PBS, and fixed with cold ethanol (30 min, 41C). The fixed cells were washed with PBS and incubated with propidium iodide (20 mg/ml, 45 min, 201C). Transfected cells were selected using anti-murin CD80 FITC and the cell cycle of transfected cells was analysed with a Coulter Epics XL/XL-MCl cytometer.
Determination of apoptotic cells
Apoptosis was determined by morphological analysis, after fixation with PAF 4% (30 min, 41C) and staining with 1 mg/ml Hoechst 33258 (10 min, room temperature, in the dark). A minimum of 500-1000 cells were examined for each case under fluorescent microscope, and the results represented the number of apoptotic cells over the total number of cells counted.
To investigate the role of P21 waf1/cip1 in NaB-induced apoptosis, MCF-7 cells were transiently cotransfected with a pEGFP-C1 plasmid containing green fluorescent protein (GFP) cDNA (Clontech), and a pcDNA plasmid containing P21 WAF1/CIP1 is implicated in NaB-induced apoptosis V Chopin et al p21 WT or p21 AS, p21 PCNAÀ, and p21 CDKÀ sequences. Briefly, 2 Â 10 5 cells were seeded into 35 mm dishes The next day, cells were transfected with 0.5 mg of pEGFP-C1 plasmid, 0.25 g plasmid of interest, and 7 ml transfection reagent exgen (Euromedex) in 1 ml Opti-MEM (Life Technologies Inc.). After transfection, cells were cultured for another 18 h in FCScontaining medium before treatment. They were then fixed in 4% paraformaldehyde (20 min, 41C) and stained with Hoechst for apoptosis detection. A random count of 500 GFP-positive cells was performed for each assay.
Western blot
Preconfluent cell cultures were washed with PBS and lysed for 30 min at 41C in a lysis buffer (50 mm Tris pH 7.5, 150 mm NaCl, 1% NP40, 0.1% SDS, 1 mm PMSF, 1 mm orthovanadate, 1 mm Na 4 P 2 O 7 , 10 mg/ml aprotinin, and 10 mg/ml leupeptin). The lysate was sonicated, boiled, and clarified by centrifugation (13 000 g, 5 min at 41C). The protein concentration of each sample was determined using a Biorad protein assay kit. Each sample was then loaded onto 5% stacking/12% running SDS-polyacrylamide gel. After electrotransfer to nitrocellulose membrane (Hybond-C extra, Amersham), membranes were blocked in 3% bovine serum albumin (BSA) in TBST (Tris 20 mm, pH 7.6; NaCl 150 mm; Tween 0.1%), for 1.5 h at room temperature. Immunoblots were incubated with a primary antibody (1 : 200 dilution, overnight at 41C). Detection was performed using donkey anti-mouse, or donkey anti-goat, and donkey anti-rabbit secondary antibodies (1 : 10 000 dilution, 1.5 h at room temperature), and an ECL detection system (Amersham).
Immunoprecipitation
Cells were washed with PBS, and lysed for 30 min at 41C in a lysis buffer (50 mm Tris pH 7.5, 150 mm NaCl, 1% NP40, 1 mm PMSF, 1 mm orthovanadate, 1 mm Na 4 P 2 O 7 , 10 mg/ml aprotinin, and 10 mg/ml leupeptin). Lysates were clarified by centrifugation (12 000 g, 10 min). Cellular extracts (500 mg) were precleared with 5 ml protein A/G PLUS-Agarose (2 h, 41C) and incubated with primary antibody on a rotating device (2 mg, overnight, 41C). Then, the immune complex was collected, following incubation with 25 ml of protein A/G PLUS-agarose on a rotating device (2 h, 41C), and centrifugation (12 000 g, 3 min). Immunoprecipitates were washed three times with ice-cold lysis buffer, and then analysed by Western blot, as previously described.
To verify the functional properties of plasmids containing mutant p21 deficient for the interaction with PCNA (p21 PCNAÀ) or with CDK (p21 CDKÀ), MCF-7 cells were seeded in 100 mm dishes, and transiently cotransfected with a pcDNA plasmid containing murine CD80 cDNA and p21 PCNAÀ or p21 CDKÀ plasmids. After transfection, cells were treated with 2.5 mm NaB for 24 h. Cells were dissociated with 1 mm EDTA in PBS, washed twice in the same buffer, and then incubated with 0.1% BSA in PBS (15 min, 41C). Cells were incubated with anti-murin CD80 antibody on a rotating device (1 mg in PBS containing 0.1% BSA/1 Â 10 6 cells, 30 min, 41C). They were washed twice with 0.1% BSA in PBS, and mixed with CELLection Pan Mouse IgG Dynabeads on a rotating device (30 min, 41C). Finally, they were placed on a Dynal Magnetic particle concentrator, and were washed three times with PBS containing 0.1% BSA. The selected transfected cells were lysed, and immunoprecipitation was performed as described above.
Detection of PCNA in triton-soluble and -insoluble fractions Preconfluent cell cultures were washed with PBS and lysed for 30 min at 41C in 2 ml of lysis buffer (Tris-HCl 50 mm, pH 7.4; NaCl 250 mm; 0.1% Triton X-100; 1 mm EDTA; 50 mm NaF; 1 mm DTT; 0.1 mm Na 3 VO 4 ; 0.1 mm PMSF; 1 mg/ml leupeptin, 10 mg/ml trypsin inhibitor; 1 mg/ml aprotinin). The lysate was centrifugated (12 000 g, 41C, 5 min), and the supernatant was recovered as a triton-soluble fraction. The pellet was incubated with 2 ml of lysis buffer containing 1% SDS (41C, 30 min), and followed by centrifugation (12 000 g, 41C, 5 min). Then, the supernatant was recovered as a triton-insoluble fraction. Immunoblotting of both triton-soluble and -insoluble fractions with the anti-PCNA antibody was performed as described above.
Immunofluoresence microscopy
Cells were cultured on slides and fixed in 4% paraformaldehyde (20 min, 41C), followed by incubation in 50 mm NH 4 Cl (30 min, room temperature). They were incubated in a permeabilization buffer (0.1% triton X-100; 0.1% sodium citrate) for 15 min at room temperature. Nonspecific binding was blocked by incubation with 1% BSA in PBS (30 min, room temperature). P21 waf1/cip1 was detected by incubation with mouse monoclonal anti-P21 waf1/cip1 antibody (1/20, 12 h, 41C), followed by incubation with FITC-conjugated secondary antimouse IgG monoclonal antibody (1/100, 4 h, 41C). Cells were then incubated with 1 mg/ml Hoechst 33258 (10 min, room temperature, in the dark). Coverslips were mounted with a fluorescent mounting medium (DAKO) before examination under a fluorescent microscope (Zeiss).
Abbreviations CDK, cyclin-dependent kinase; FCS, fetal calf serum; HDAC, histone deacetylase; NaB, sodium butyrate; PCNA, proliferating cell nuclear antigen.
